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ABSTRACT
Aims. The aim of the present work is to study the overall mass distribution of the galaxy lusters Abell 1351 and Abell 1995
using weak gravitational lensing. These lusters have got a very dierent mass struture and dynamial state, and are the two
extremes from a larger sample of 38 X-ray luminous lusters of similar size and redshift.
Methods. We measure shear values of faint bakground galaxies and orret for PSF anisotropies using the KSB+ method.
Two-dimensional mass maps of the lusters are reated using a nite-eld mass reonstrution algorithm, and veried with
aperture mass statistis. The masses inferred from the reonstrutions are ompared to those obtained from tting spherially
symmetri SIS- and NFW-models to the tangential shear proles. We disuss the NFW onentration parameters in detail.
Results. From the mass reonstrutions we infer M2D(< r200)-masses of 11.7 ± 3.1 × 10
14h−170 M⊙ and 10.5 ± 2.7 × 10
14h−170 M⊙
for Abell 1351 and Abell 1995, respetively. About 3′ north-east of the main mass peak of Abell 1351 we detet a signiant
seondary peak in the mass reonstrution as well as by aperture mass statistis. This feature is also traed by lusters members
seleted by means of their V − I olour, and hene is likely a real sub-struture of Abell 1351. From our ts to the tangential
shear we infer masses on the order of M200 ∼ 8 − 9 × 10
14h−170 M⊙ (Abell 1351) and M200 ∼ 5 − 6 × 10
14h−170 M⊙ (Abell 1995).
The onentration parameters remain poorly onstrained by our weak lensing analysis.
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1. Introdution
Comprising the most massive gravitationally bound stru-
tures in the Universe, galaxy lusters are essential in
providing a deeper understanding of the properties of
dark matter. The reent papers overing 1E 0657 −
558 (the Bullet Cluster) by Clowe et al. (2006a) and
Abell 520 by Mahdavi et al. (2007) demonstrate the
importane of gravitational lensing for understanding
the matter ontent of our Universe. Lensing studies
of galaxy lusters provide a powerful way to identify
large density peaks in the Universe, independent of
their baryoni ontent (Maturi et al. 2007; Miyazaki et al.
2007; Gavazzi & Souail 2007; Shirmer et al. 2007;
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Based on observations obtained with CFH12K at the
Canada-Frane-Hawaii Telesope (CFHT) whih is operated
by the National Researh Counil of Canada, the Institut des
Sienes de l'Univers of the Centre National de la Reherhe
Sientique and the University of Hawaii.
Wittman et al. 2006; Clowe et al. 2006b; Dahle et al.
2003; Shneider 1996).
Neither the nature nor the dynamial state of the grav-
itating matter aet the mass estimates obtained through
gravitational lensing. These mass measurements are only
hanged by gravitation and the geometrial onguration
between observer, lens, and soure. Although this makes
lensing a unique tool, suh measurements an be biased by
e.g. dierent mass onentrations along the line-of-sight.
In this paper we analyse two lusters of galaxies at in-
termediate redshift (z = 0.32), Abell 1351 and Abell 1995.
These lusters are seleted from a lensing study of 38
highly X-ray luminous galaxy lusters (Dahle et al. 2002).
They were hosen for further investigation as they rep-
resent the two extremes in this luster sample, regard-
ing mass distribution and dynamial state. Re-observing
the lusters with the wide-eld amera CFH12K at
the Canada-Frane-Hawaii Telesope (CFHT) provided a
larger eld of view (42.′2× 28.′1) than that employed by
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Dahle et al. (2002) (18.′8× 18.′8). This allows us to map
the lusters to larger radii than previously possible.
The KSB+ method (Kaiser et al. 1995;
Luppino & Kaiser 1997; Hoekstra et al. 1998) is used to
reover the shear values of faint bakground galaxies in
the images. Using a nite-eld reonstrution tehnique
(Seitz & Shneider 2001, SS01) we derive two-dimensional
mass maps, visualising the surfae mass distributions of
Abell 1351 and Abell 1995. We also apply aperture mass
statistis (Map; Shneider 1996; Shirmer et al. 2007) to
our data, omparing the results to onrm mass peak
detetions. Finally, by tting predited shear values from
theoretial models to the shapes of the lensed galaxies
we estimate the luster masses. We assume the lusters
to be spherially symmetri and to have density proles
following either a singular isothermal sphere (SIS) or a
Navarro, Frenk, & White (1997, 1995; NFW) model.
Data proessing and analysis are arried out using
mainly the IMCAT software pakage
1
, Kaiser's July 2005
version for Maintosh. IMCAT is a tool speially designed
for weak lensing purposes, and is optimised for shape mea-
surements of faint galaxies. It proesses both FITS les and
objet atalogues.
The outline of this paper is as follows. In Set. 2 we
summarise the observations and software used for our
study, as well as the data redution. In Set. 3 we de-
sribe the shear reonstrution, fousing on shape esti-
mates and Point Spread Funtion (PSF) orretions. In
Set. 4 we present the lusters' surfae mass density maps
and attempt to verify the deteted mass peaks using V − I
olours and Map. By omparing the measured shear pro-
les to theoretial expetations, we model the lensing data
in Set. 5. Finally we present and disuss our results in
Set. 6, and our onlusions in Set. 7.
Throughout this paper we assume a ΛCDM
osmology, with ΩM = 0.3, ΩΛ = 0.7, and
h70 = H0/(70 km s
−1
Mp
−1
). Errors are given on
the 1σ level.
2. Observations and data redution
2.1. Data aquisition
The galaxy lusters Abell 1351 and Abell 1995 are
entred at the positions 11h42m30.s7 + 58◦32′21′′ and
14h52m50.s4 + 58◦02′48′′, respetively. They were ob-
served with the 3.6 m Canada-Frane-Hawaii Telesope
(CFHT) on the 4 nights of 7-11 May, 2000, using the wide-
eld CCD mosai amera CFH12K. A total exposure time
of 5400s were obtained for both lusters, all in the I -band
lter. However, due to seeing > 1′′ three exposures were
rejeted from the Abell 1351 data set, resulting in total
exposure times of 3600 s and 5400 s for Abell 1351 and
Abell 1995, respetively. This orresponds to a 5σ limiting
magnitude of I = 25.2±0.1 for point soures in both point-
ings. The seeing in the nal o-added images respetively
1
IMCAT is developed by Nik Kaiser (kaiserhawaii.edu),
http://www.ifa.hawaii.edu/∼kaiser/imat/
equals 0.′′95 and 1.′′15 for Abell 1351 and Abell 1995. The
number density of the lensed bakground galaxies is 16
armin
−2
for both lusters, and the elliptiity dispersion
(after PSF orretion) for eah omponent is σg = 0.43
and σg = 0.51 for Abell 1351 and Abell 1995, respe-
tively. The larger dispersion for Abell 1995 is explained
by the 20% larger image seeing, whih enlarges the PSF
orretion fators and their unertainties.
The CFH12K mosai amera overs a eld of 12k× 8k
pixels in total, representing an area of 42.′2× 28.′1 on the
sky. The pixel sale is 0.′′206 when mounted at the CFHT
prime fous.
In addition we make use of the V -band data ob-
tained by Dahle et al. (2002) in order to verify neigh-
bouring peaks present in our two-dimensional mass maps
desribed in Set. 4. These data were obtained at the
2.24 m University of Hawaii Telesope using the UH8K
mosai amera, overing an area of 4k× 4k pixels (re-
binned 2× 2) mapping 18.′8× 18.′8 of the sky. Eah im-
age has a total exposure time of 12 600 s, resulting in an
image depth omparable to our I -band data, with 5σ lim-
iting magnitudes of V = 25.9± 0.1 and V = 25.8± 0.1 for
Abell 1351 and Abell 1995, respetively. Further details
on the redution proess and o-addition of the V -band
data an be found in Dahle et al. (2002).
As Abell 1351 and Abell 1995 are both loated at red-
shift z = 0.32, they have a similar orrespondene between
physial and angular sale, given as 1Mpc = 215′′.
2.2. Image proessing
2.2.1. Pre-proessing
To remove the bias level in eah frame we used the mean
value of the oversan region from the orresponding hip.
The at-elding was arried out using a master night time
at, made from averaging 56 night time exposures; most
of them so-alled blank elds and all well displaed from
eah other. The fringing that ours in I -band exposures
is also aptured in this type of at, and upon dividing the
objet exposures by it the fringes were leanly removed. To
estimate the bakground level in the exposures, we used
the heights of the minima of the sky level present to reate
a model for eah individual frame. After subtration the
median sky level was set to zero.
As fringing is an additive eet and not a multiplia-
tive one, ideally the fringes should be subtrated. Sine we
had no twilight ats available, standard defringing ould
not be performed. The photometri error introdued by
division is negligible, as the amplitude of the fringes om-
pared to the sky bakground after at-elding was on the
order of 2%. However, sine fringing ats mostly on small
angular sales, its treatment will aet the shapes of the
small and faint bakground galaxies used for weak lensing.
To investigate this we obtained a set of 10 arhival images
of the Deep3 eld (Hildebrandt et al. 2006), taken with
the Wide Field Imager at the 2.2m MPG/ESO-telesope
through their I-band lter. As the Deep3 eld does not
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ontain any massive lusters it is very well suited for this
test. Two dierent oadded images were reated. In the
rst ase the data were at-elded using twilight ats,
and then a fringing model was reated from the at-
elded data and subtrated. The seond oadded image
was proessed in the same way as our CFHT data, i.e.
the data were at-elded and fringe-orreted by divi-
sion of a night-time at. We then measured the shapes
of a ommon set of ∼ 12000 galaxies in both images (see
Set. 3) and reated two mass reonstrutions, using the
same tehnique and smoothing sale as for Abell 1351 and
Abell 1995 (see Set. 4). We nd that the rms of the dier-
ene of the two mass maps is a fator of 2.5 smaller than
the noise of the individual mass maps, mainly aused by
the intrinsi elliptiities of bakground galaxies. The eet
in our CFH12K data is muh smaller, as the CFH12K I -
band lter has a blue ut-on at around 730 nm and a
red ut-o at 950nm. The ESO I -band lter on the other
hand opens at 800nm and has no ut-o on the red side.
Hene the fringing amplitude in the omparison data set
from ESO is up to 5 times higher than in CFHT. We on-
lude that our analysis of Abell 1351 and Abell 1995 is
not aeted by our fringe orretion.
2.2.2. Masking
The CFH12K mosai ontains some bad pixels and
olumns, in partiular two of the CCDs suer from this.
By using Nik Kaiser's ready made CFH12K masks
2
as
global masks, all bad areas were ensured to be ignored.
An additional path of 219 bad olumns in CCD00 was
also added to the global masks. We did not make further
individual masks for eah exposure, as most spurious de-
tetions are ltered out during the astrometri alibration.
In addition, suspiious objets are rejeted from the nal
objet atalogue by visual examination.
2.2.3. Astrometri alibration
Wide-eld data typially do not have a simple relation
between the sky oordinates and those of the detetor. A
mapping from pixel oordinates onto a planar projetion
of the sky needs therefore be performed. We solved for this
through a series of steps.
First, all objets in eah exposure were deteted and
aperture photometry arried out. By plotting rg (∼half-
light radius) vs. instrumental magnitude of the objets
in eah exposure, we extrat the moderately bright, non-
saturated stars suitable for deriving an astrometri so-
lution. Their weighted elliptiity parameters (dened by
Kaiser et al. 1995), e1,2, are in addition plotted and eye-
balled, seleting the main lustering of objets to ensure
a atalogue ontaining purely stars (see Fig. 1 for an ex-
ample).
Left with star atalogues we now ompute the trans-
formation parameters needed using information from the
2
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fh12k/masks/
USNO-B1.0 atalogue (Monet et al. 2003). However, as
many of the USNO-B1.0 stars are saturated in our im-
ages, we extended our referene atalogue by deteting
more soures in FITS les derived from the Digitized Sky
Survey (DSS)
3
. We math the target atalogues to the
referene atalogue, then solve for a set of low-order spa-
tial polynomials mapping the images onto eah other, by
repeatedly rening the least squares minimisations using
outlier rejetion.
2.2.4. Final master image and objet atalogue
Gain and quantum eieny variations between hips and
dierential extintion between exposures are solved for
by least squares minimisations. The extintion orretions
between the exposures were very small, typially ∼ 0.01
mag, whereas the zero-point osets between the hips were
∼ 0.1 mag. As an aurate absolute photometri alibra-
tion is not neessary for the present work, we adopted
standard Landolt magnitude zeropoints.
The o-addition is done after magnitude orretions
are applied to the data. In addition osmi rays are masked
out, before the median image is omputed and the bak-
ground attened. A master objet atalogue is reated,
where eah objet's WCS oordinates are alulated from
the astrometri solution, and their elliptiity parameters
omputed (see Set. 3). Finally we mask out false dete-
tions by over-plotting the objets onto the image, hene
ensuring a nal objet atalogue free from spurious dete-
tions.
3. Shear measurements
Identifying weak lensing eets requires measuring the el-
liptiities of a large number of faint bakground galaxies.
The main soure of noise in weak lensing analysis is the
intrinsi elliptiities of these galaxies. To distinguish be-
tween distorted images resulting from a weak lens and the
usual distribution of shapes existing in an unlensed galaxy
population, the elliptiities are examined for a systemati
hange. In partiular, a tangential alignment of the galaxy
shapes around the luster entre would onrm the exis-
tene of a weak lens.
An additional soure of error omes from the faint
bakground galaxies being smeared by the PSF, aused
by atmospheri turbulene and optial aberrations. The
weak shear signal is hene diluted beause this smearing
will ause the galaxy images to appear more irular than
before the smearing. In addition, PSF anisotropies distort
the images, ausing the galaxies to appear more ellipti-
al, hene introduing false shear signals. It is ruial that
these PSF eets are orreted for.
3
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Fig. 1: Example of size-magnitude (left) and weighted elliptiity parameter diagram (right) for an arbitrary exposure. The
moderately bright, non-saturated stars are hosen from within the squares and utilised in the astrometri solution, the right
plot ontaining only the stars hosen from the left plot. As square is the only option IMCAT oers in seleting objets, this is
also applied to the elliptiity diagram. Although a irle might yield better results, the dierene is onsidered negligible. The
stars utilised in the PSF orretions (Set. 3.1) are seleted the same way.
3.1. PSF orretions
Following the KSB+ method developed by Kaiser et al.
(1995), Luppino & Kaiser (1997), and Hoekstra et al.
(1998), we present a short summary of our implementa-
tion below. KSB+ inverts the eets of PSF smearing and
anisotropy on objets in an image, presenting a method
to reover the true shear.
Ignoring the eets of photon noise, it is possible to
express the observed elliptiity of a galaxy as
eobsα = e
s
α + P
γ
αβgβ + P
sm
αβ pβ , (1)
where the rst term represents the intrinsi elliptiity of
the galaxy, the seond term the shift in elliptiity aused
by gravitational shear, and the third term the smear-
ing of the galaxy image from the anisotropi PSF (see
Luppino & Kaiser 1997 with additional orretions from
Hoekstra et al. 1998 for a thorough dedution of this equa-
tion). Present in eq. (1) are the pre-seeing shear polaris-
ability tensor, P γαβ , and the smear polarisability tensor,
P smαβ . The latter is alulated for eah objet together with
eobsα , the post-seeing shear polarisability tensor P
sh
αβ , and
the entroid of the objet.
Beause stars are foreground objets (gβ = 0) and in-
trinsially irular (esα = 0), applying eq. (1) to stellar
objets provides a measure of the total PSF anisotropy,
pβ. This is alulated from bright stars seleted from the
nal objet atalogue (Set. 2.2.4). The PSF orretions
are then alulated for all individual objets and orre-
tions applied respetively.
The elliptiities of the stars were tted to a sixth-
order Taylor series expansion. When omparing mass and
B-mode maps (Set. 4) for ts of dierent orders, there
was little hange with the order of t. Over the whole
eld, 410 and 530 stars were used in the tting proess for
Abell 1351 and Abell 1995 respetively. Fig. 2 shows the
elliptiities of the stars before and after PSF orretions.
The pre-seeing shear polarisability tensor, P γαβ , is de-
ned in KSB+ to be
P γαβ = P
sh
αβ − P
sm
αµ (P
sm⋆)−1µδ P
sh⋆
δβ , (2)
where the asterisk denotes P shαβ and P
sm
αδ applied to stel-
lar objets. From eq. (1) we see that the redued shear,
g = γ/(1− κ), is given by
gβ = (P
γ)−1αβ
[
eobsα − P
sm
αβ pβ
]
. (3)
Following the approah by Wold et al. (2002), we as-
sume the PSF is lose to irular after the orre-
tion, and the polarisabilities an be approximated by
Pαβ =
1
2
(P11 + P22)δαβ . The average of P
sh⋆/P sm⋆ an be
alulated as〈
P sh⋆
P sm⋆
〉
=
1
Nstars
∑
stars
P sh⋆11 + P
sh⋆
22
P sm⋆11 + P
sm⋆
22
, (4)
where we use the median value rather than the mean to
minimise the eet of outliers. Hene eq. (2) turns into
P γ =
1
2
(P sh11 + P
sh
22 )−
1
2
(P sm11 + P
sm
22 )
〈
P sh⋆
P sm⋆
〉
. (5)
As P shαβ and P
sm
αβ are already alulated, this equation
is easily solved, and eq. (3) gives us an estimate of the
gravitational shear of eah objet. Hoekstra et al. (1998)
show that estimating the PSF dilution for eah individ-
ual galaxy introdues additional noise. We therefore fol-
low their approah by determining P γ as a funtion of
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Fig. 2: Elliptiities of the stars in the eld of Abell 1351 (top) and Abell 1995 (bottom) before and after orretions for PSF
anisotropies. The stars initially have systemati elliptiities up to ∼ 7− 9% in one diretion. The PSF orretions redue these
eets to typially < 1.5%.
magnitude and galaxy size. We determine the median P γ
within 15 bins in an rg-magnitude diagram, where the en-
tral 4 bins ontain ∼ 4000 galaxies/bin and the outer ones
∼ 200 galaxies/bin. We then ompute one orretion fa-
tor for eah bin using eq. (5), and apply this to all galaxies
within the orresponding bin.
The faintest and smallest galaxies are more aeted
by seeing than the larger galaxies, giving them a poorer
shape determination and a larger orretion fator. Suh
galaxies are therefore of less importane. To aount for
this, a normalised weight,
wi ∝
(
σei
〈P γ〉i
)−2
, (6)
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is alulated for eah bin i and assigned to the orrespond-
ing galaxies. Here, σei is the observed dispersion of galaxy
elliptiities.
4. Mass reonstrution
We selet bakground galaxies with 6 < S/N < 100 for
the reation of our mass maps. These are reonstruted
from the galaxies' shapes using the nite-eld inversion
method presented by Seitz & Shneider (2001, SS01). For
this method a smoothed shear eld is alulated on a grid
using a modied Gaussian lter. The algorithm then it-
eratively omputes a quantity K(θ) := ln[1− κ(θ)] whih
is determined up to an additive onstant due to the mass
sheet degeneray. We break the latter by assuming that
the average onvergene vanishes along the border of the
wide eld of view. The width of the Gaussian term in
the lter is set to 2.′0, resulting in an eetive smoothing
length of about 1.′6.
In order to evaluate the noise of the mass maps, we
omputed 2000 mass maps for eah luster based on ran-
domised galaxy orientations, keeping their positions xed.
As the luster lens signal inreases the elliptiities of galax-
ies, this would lead to an overestimation of the noise at the
luster position. We roughly orret for this eet by sub-
trating the expeted SIS tangential shear signal, deter-
mined from the lusters' known veloity dispersions (see
Table 1). Sine the singularity of the SIS an lead to overly
large orretions lose to the luster entre, we limited the
maximum orretion fator allowed to 0.5 in eah ellipti-
ity omponent. This aeted less than 5 galaxies in both
elds. The true mass maps were then divided by the noise
maps obtained from the randomised mass maps to reate
the S/N-maps seen in Fig. 3.
Abell 1351 and Abell 1995 are deteted with
a S/N of 5.3 and 5.2, respetively. Upon integrat-
ing the κ maps within r200 = 1.69 h
−1
70 Mpc
(1.50 h−170 Mpc) for Abell 1351 (Abell 1995), we nd
total masses of M2D(< r200) = 11.7± 3.1× 10
14 h−170 M⊙
andM2D(< r200) = 10.5± 2.7× 10
14 h−170 M⊙ for the lus-
ters, respetively. The r200 radii are taken from what we
onsider to be the best NFW ts to the data (see Table 1
and Set. 5.2), while the errors are determined from inte-
grating the same areas in the 2000 noise maps.
In Fig. 3 the B-modes in both luster elds are also
shown, omputed by repeating the κ reonstrution with
all galaxies rotated 45◦ (Crittenden et al. 2002). Provided
that the lensing data are free from systematis and that
the noise (intrinsi elliptiities) is Gaussian, this B-mode
map should be onsistent with Gaussian noise. Given the
eetive lter sale of 1.′6, we an plae about 380 indepen-
dent peaks in the CFH12K eld. Thus one would expet
1.1 noise peaks above 3σ in the eld. A more realisti es-
timate omes from the 2000 randomisations as these are
based on the real elliptiity and spatial distribution. We
expet 1.4 (1.6) suh peaks for Abell 1351 (Abell 1995).
In the real B-mode maps we nd 3 peaks for eah of the
lusters. This is insigniant, as in our randomisations at
least 3 suh peaks appear per eld in 20% of the ases.
In ase of Abell 1995 the largest B-mode peak has a sig-
niane of 3.9σ. Its B-modes appear generally somewhat
larger than for Abell 1351, whih has no B-mode peaks
higher than 3.5σ.
4.1. Mass and galaxy density distributions
In order to ompare the surfae density maps with the dis-
tribution of luster galaxies, we extrat the red sequene
(see e.g. Gladders & Yee 2000) and investigate the dis-
tribution of the galaxies seleted. We ombine the I -band
data with the V -band images from Dahle et al. (2002). To
math the two data sets we re-sampled both images to the
same pixel sale, resulting in a ommon area of 18.′5× 18.′5
on the sky. The V -band image seeing was around 0.′′7, and
thus onsistently better than in the I -band. The V -band
data were therefore onvolved to math the seeing in the
I -band data, 0.′′95 for Abell 1351 and 1.′′15 for Abell 1995.
Aperture photometry was arried out using SExtrator
(Bertin & Arnouts 1996) in double-image mode. The deep
I -band images served as the detetion image, providing us
with a target list with dened oordinates. At these posi-
tions we integrated the ux in a 3′′ wide aperture in eah
of the V - and I -band images. Plotting the galaxies in a
olour-magnitude diagram will then in priniple provide
enough information to separate the red early-type luster
members from the other galaxies.
Eah luster's red sequene does not learly stand out
from the V − I vs. I diagram when all objets are plot-
ted. We therefore selet only galaxies within a radius of
3′ of the brightest luster galaxy (BCG) for the olour-
magnitude diagram (see Fig. 4), and detet the red se-
quene at 1.4 < V − I < 1.9 for both lusters. The sele-
tion riteria indiated by the box in eah plot are then
applied to the entire objet atalogue. The number den-
sity of the galaxies seleted is then alulated as a funtion
of position and over-plotted onto the entral 9 armin of
the mass maps (see Fig. 5).
We normalise the number density maps by the u-
tuation measured in the eld outside the lusters. The
entres of Abell 1351 and Abell 1995 are then deteted
with 15.5σ and 9.9σ signiane, respetively. The posi-
tional osets between mass entres, BCGs, and entres of
galaxy density distributions are in the range of 30′′ − 55′′
for both lusters, and are due to noise in the mass maps.
Changing the width of the Gaussian kernel in the nite-
eld reonstrution algorithm shows that the peak entres
an drift by up to 20′′ from the mean position. These o-
sets are onsistent with other results in the literature, suh
as Clowe et al. (2006a), who observed osets on the order
of 10′′ between the lensing peaks (of higher S/N than ours)
and the optial entres of the bullet luster. Positional o-
sets of 50′′ are ommon in the sample of 70 shear-seleted
lusters by Shirmer et al. (2007).
The luster galaxy distribution resembles well the mass
distribution in the entral part of Abell 1351. It extends
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Fig. 3: The projeted surfae mass densities and B-modes for both lusters in the full CFH12K eld, using a nite-eld mass
reonstrution. The maps show the S/N of the lusters, with ontours starting at 0σ and inreasing in steps of 1σ. The lusters
are deteted at signiane levels of 5.3σ (Abell 1351) and 5.2σ (Abell 1995). The smaller peaks A, B, and C have S/N-ratios
of 4.2, 3.8, and 3.8, respetively. The eetive smoothing length of the reonstrutions is 1.′6. The highest B-mode peak of
Abell 1351 (Abell 1995) has a S/N-ratio of 3.5 (3.9).
signiantly towards the north-east, a feature also seen
in the mass map where we nd a loal maximum whih
we refer to as peak A (see Set. 4.2). The galaxy distri-
bution of Abell 1995 appears elliptial and elongated in
the northeast-southwest diretion. This property is not
reeted in the mass map where the peak is of rather ir-
ular appearane.
To hek the integrity of our mass reonstrutions fur-
ther, we applied the peak nder (S-statistis) developed
by Shirmer et al. (2007). This method detets areas of
enhaned tangential shear using the aperture mass statis-
tis (Shneider 1996). Sine it uses a lter funtion that
mimis the tangential shear prole of galaxy lusters it is
well suited for deteting mass onentrations. With this
method we reover Abell 1351 at the 7.0σ level in a 10′
wide lter, and Abell 1995 with 6.1σ for a 7′ lter. The
lter shape parameter (Shirmer et al. 2007) was hosen
as xc = 0.2 in both ases. We nd that the S-statistis is
elongated in the same way as the mass reonstrution for
Abell 1351, extending towards peak A. We evaluate the
signiane of this possible sub-struture in the following.
4.2. Smaller mass peaks in the elds
In the mass reonstrutions two neighbouring peaks A and
B are deteted around Abell 1351, and another one (peak
C) in the eld of Abell 1995. Their S/N-ratios are 4.2,
3.8, and 3.8, respetively. Using the 2000 noise randomi-
sations for eah eld we nd that the probability of a noise
peak larger than 4.2σ (3.8σ) in the eld of Abell 1351 is
0.8% (6.8%), respetively. The orresponding probability
for peak C in the Abell 1995 data is 7.0%. These are some-
what larger than what would be expeted from purely
Gaussian noise.
Hene the only signiant sub-struture we detet
in the mass reonstrution is peak A near Abell 1351.
Looking at the ontours in the upper right panel of Fig. 5
one an see that the S-statistis trae this struture as
well at the 4.5 − 5.0σ-level. We note that we reover this
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Fig. 4: Colour-magnitude diagrams for Abell 1351 (left) and Abell 1995 (right), where only galaxies within 3′ from the BCG are
plotted. The red sequene an be seen for 1.4 < V − I < 1.9 for both lusters, the box indiating our seletion riteria.
sub-struture over a broad range of lter sales in the S-
statistis and hene think that it is a real feature in the
mass distribution of Abell 1351.
Out of the broad range (1′−15′) of lters probed with
the S-statistis, peak B is deteted only one with 4.0σ in
the 4′ wide lter for xc = 0.5. It has the typial harater-
istis of the dark peaks found by Shirmer et al. (2007),
i.e. it is not assoiated with any over-density of galaxies.
Hene it is most likely a noise peak.
In the Abell 1995 eld we ould not detet any other
peaks using the S-statistis. Sine the B-modes for those
data show a maximum of 3.9σ near peak C (at 3.8σ), we
onsider it to be a noise peak. As it also lies outside the
area overed by the V -band, we ould not hek for over-
densities of red galaxies at this position.
5. Modelling the lensing data
Comparing observed distortions in the bakground galax-
ies to those predited by theoretial density proles en-
ables us to estimate the mass of a galaxy luster. Using
χ2-minimisations of SIS and NFW models, we rst deter-
mine the best t parameters and then alulate the luster
masses.
The theoretial proles are both spherially symmet-
ri. We therefore average the tangential redued shear,
gt = γt/(1− κ) (for r > θE, where θE is the Einstein ra-
dius), in 17 radial bins around the luster entre. The
bins are logarithmially spaed, overing the entire eld of
view, and starting at rmin = 150
′′
to avoid the large on-
tamination from luster galaxies lose to the entre of the
eld (see also Set. 5.1). To determine the luster entre,
we tested three dierent positions. First we adopt the peak
loation in the mass reonstrutions generated (Set. 4).
These oinide with the entres of the S-statistis. Seond,
the BCG serves as luster entre, and third we try the en-
tre of the galaxy density of eah luster. As the latter oin-
ide with the BCG for Abell 1995, only two positions were
tested for this luster. We also onsidered strong lensing
features, but found that they do not oer further insight in
this respet (see Set. 6.3.1 for details). We alulate 〈gt〉i
for eah radial bin i and ompare them to the theoretial
values at the average radius of eah bin, 〈r〉i.
When alulating the mass of a luster, the relative dis-
tane of the bakground galaxies and the lensing luster
is required. As we have no spei information about the
redshifts of the bakground galaxies, the distanes have to
be estimated statistially. By using the photometri red-
shift distribution of orresponding faint galaxies from the
Hubble Deep Field (HDF) North (Fernández-Soto et al.
1999), we an estimate the average β ≡ Dds/Ds, where
Dds is the angular diameter distane between the lens and
the soure and Ds between the observer and the soure.
The empirial relation
〈β〉 = −1.21zd + 0.91 (7)
is derived for a ΛCDM osmology analogously to the equa-
tion of Dahle et al. (2002) for an Einstein-de Sitter uni-
verse, whih also aounts for the redshift distribution of
the soure galaxies. Here zd denotes the redshift of the
lens.
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Fig. 5: The blak ontours show the mass reonstrution (left) and S-statistis (right) for Abell 1351 (top) and Abell 1995
(bottom). The ontours start at the 3.0σ level and inrease in steps of 0.5σ. Over-plotted in white ontours (red in online
version) are the number densities of galaxies seleted with the red sequene method, normalised by the rms utuation in the
eld outside the lusters. These ontours are isodensity ontours, starting at 3σ going in steps of 3σ, and peak at 15 and 10σ,
respetively.
5.1. Cluster ontamination and magniation depletion
At small projeted radii from the luster entre our faint
galaxy sample will ontain luster galaxies in addition to
bakground galaxies. We ould not disriminate faint lus-
ter members from lensed eld galaxies using V − I olours,
hene the sample of presumed lensed bakground galaxies
remains ontaminated. This leads to a systemati bias of
the shear measurements towards smaller values.
In order to quantify this ontamination, we determine
the over-density of galaxies in the bakground atalogue
10 K. Holhjem et al.: Weak lensing analysis of Abell 1351 and Abell 1995
at the luster position ompared to the mean density in
the eld (an example is shown in Fig. 6 for Abell 1351). A
ontamination rate of 50% is found for both luster en-
tres, vanishing for radii larger than about 4′ − 5′. It is in
fat even higher, as magniation depletion leads to a re-
dued number density of lensed galaxies in the I -band near
the luster entre. However, this eet an be negleted in
our ase. From the smoothed onvergene (see Set. 4) and
redued shear elds we estimate the magniation using
µ = ((1−κ)(1−g))−2. We nd very similar magniations
for both lusters, being 1.65 at the entre and beoming in-
distinguishable from the noise (σµ ∼ 0.15) for radii larger
than ∼ 3′. The depletion of the number density of lensed
galaxies is ∝ µ2.5s−1, with s = 0.15 in red lters (see e.g.
Narayan & Bartelmann 1996). At the luster entres the
number densities are thus redued by a fator of ∼ 0.73,
and at a radius of 1.′5 magniation depletion beomes
indistinguishable from the natural utuations in the dis-
tribution of eld galaxies. Magniation depletion hene
only aets the innermost ∼ 0.3 Mpc (100′′) of the lus-
ters and an be negleted sine we ompare the tangential
shear proles to models only for radii larger than 0.5 Mpc
(see Fig. 7).
In order to orret for the ontamination by luster
galaxies, we modify the theoretial shear values. The rea-
son for adjusting the theoretial values rather than the
measured values is that this method is onsiderably eas-
ier to implement. The orretion fators are determined
in radial bins of logarithmi spaing. One orretion value
is then alulated for eah of the 17 bins in whih 〈gt〉 is
measured. By assuming the edges of the eld to be ap-
proximately free from luster galaxies, the outermost or-
retion fator an be set to 1 to mimi ontamination-free
boundaries of the eld. Finally the best t is found using
χ2-minimisations.
5.2. Fitting the SIS and the NFW proles
One the luster entre is determined, the only free param-
eter of the SIS prole is the veloity dispersion, σv. The
best t of the SIS prole is determined by χ2-minimisation
for a range of σv values, the results being shown in Table 1.
The mass estimate, MSIS, for this prole is alulated at
r200 (the radius inside whih the mean mass density of the
luster equals 200ρcrit) found in the NFW tting with two
free parameters utilising the same luster entre.
The NFW prole is derived from tting the density
proles of numerially simulated old dark matter halos.
It appears to give a very good desription of the radial
mass distribution inside the virial radius of a galaxy lus-
ter. For a thorough introdution to the gravitational lens-
ing properties of the NFW mass density prole we refer
the reader to Wright & Brainerd (2000). The theoretial
γt and κ an be alulated analytially for the NFW den-
sity prole (Bartelmann & Shneider 2001). We derive the
best t parameters for dierent values of the onentration
parameter, c, ranging from 0.1 to 24.9 in steps of 0.1.
Fig. 6: Perentage of luster galaxies in the faint galaxy ata-
logue of Abell 1351 (that of Abell 1995 is very similar). Beause
the projeted density of luster galaxies is assumed to equal
zero at the edge of the eld, the luster galaxy ontamination
is set to zero here by subtrating the median value outside the
entral area of the image (the large eld of view makes this a
well-working approximation). Our tting proedure starts at
rmin = 150
′′
to avoid the large luster galaxy ontamination at
the entre.
With the luster entre xed, the NFW prole has two
free parameters, r200 and c. We tted our shear measure-
ments to this prole twie; rst by keeping c xed and
varying only r200 to nd our best t, and seond by vary-
ing both parameters. The best t parameters were deter-
mined by minimising χ2 in both ases. Based on N-body
simulations of dark matter halos, Bullok et al. (2001) de-
rive relations for the mean value of c as a funtion of red-
shift and mass for dierent osmologies. For a halo of mass
Mvir = 8× 10
14M⊙, the relation yields
c =
5.8
1.194(1 + zd)
(8)
(where r200 = 1.194rvir for a ΛCDM osmologial model).
As this mass is lose to the mass estimates of Abell 1351
and Abell 1995 (Set. 4), the weak mass dependene of c
an be disregarded. In the seond tting proess both r200
and c were altered, reating a grid of c, r200-values. The
best t r200 was rst determined for eah value of c, then
the best t c was found. The results are given in Table 1.
We ould not nd an upper limit for the onentration
parameter of Abell 1351, independent of the luster entre
hosen. The same holds for Abell 1995 in ase the BCG
is hosen as the entre. We disuss this in more detail in
Set. 6.2.
As an example we display the redued tangential shear
as a funtion of radius using the SS01 κ maps as lus-
ter entre, see the left diagrams of Fig. 7. The measured
values of 〈gt〉 are given together with the best t mod-
els of the SIS and NFW proles. Judging from the dia-
grams alone, the NFW prole letting both c and r200 vary
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seems to represent the best t to the lusters. However,
the χ2/Dof values given for eah model in Table 1 show
that the dierenes between the models are not statisti-
ally signiant. The dierenes emerging from dierent
luster entres seem to have a larger impat. The right
diagrams of Fig. 7 show the B-modes of both lusters, i.e.
the ross-omponent of 〈gt〉 as a funtion of radius. Both
measurements are onsistent with zero.
6. Disussion
X-ray studies show Abell 1351 to be a galaxy luster ex-
hibiting signiant dynamial ativity and undergoing a
major merger event (Allen et al. 2003), whih indiates a
luster still in its formation phase. Analyses assuming a
relaxed luster will hene naturally dier from weak lens-
ing analyses, where no assumption is made about the dy-
namial state of the luster. One example is the virial
analysis by Irgens et al. (2002), where an unusually high
veloity dispersion of σv = 1680
+340
−229
km s
−1
is obtained
for Abell 1351, based on radial veloity measurements of
17 luster galaxies. Suh a high veloity dispersion is not
unommon in merging systems. If for example two smaller
lusters with low veloity dispersions fall towards eah
other along the line of sight with a veloity omparable to
or larger than their σv, then a very large total σv would
be inferred, with a orrespondingly overestimated virial
mass. The luster CL0056.03-37.55 is a good example for
suh a system (see Shirmer et al. 2003).
Abell 1995 is, unlike Abell 1351, lassied as a re-
laxed luster in dynamial equilibrium (Pedersen & Dahle
2006). X-ray studies and virial analyses of this lus-
ter are hene also more ompatible with lensing studies
(Patel et al. 2000; Irgens et al. 2002). The projeted two-
dimensional distribution of luster galaxies in Abell 1995
is learly elliptial (see Fig. 5), whereas the entral lensing
mass distribution is irular.
6.1. The mass estimates
The mass distributions of Abell 1351 and Abell 1995 are
estimated assuming that the lusters follow spherially
symmetri SIS or NFW proles. Although an elliptial
mass prole might yield more aurate luster mass esti-
mations, Dietrih et al. (2005) experiene that the results
from tting a singular isothermal ellipse (SIE) model de-
pend strongly on the initial values hosen for the minimi-
sation routines. We therefore deided not to t the SIE
prole to our lusters.
Heymans et al. (2006) demonstrate in the Shear
TEsting Program (STEP) that the KSB+ PSF orre-
tion tends to systematially underestimate the shear val-
ues ∼ 10− 15%. To measure how muh this aets our
data, we alulate an upper limit for our mass estimates
by inreasing the elliptiities with 15% and repeating the
tting proess. We nd that the underestimation of shear
leads to an underestimation of the total luster mass with
a maximum of 20%, whih is within the initial error bars.
The onentration parameters do not hange signiantly
by this boosting of elliptiities. Sine we do not know by
exatly how muh our shear values are underestimated
this was merely an attempt to quantify this eet on our
data, and is not taken into aount in the results presented
in this paper.
Dahle et al. (2002) obtain weak lensing estimates of
the luster veloity dispersion of several lusters using
an SIS model and assuming an Einstein-de Sitter
Universe. Their results are given for Abell 1351
as σv = 1410
+80
−90
km s−1 and for Abell 1995 as
σv = 1240± 80 km s
−1
, and do not agree with our
results. However, there are several important dierenes
in methodology between Dahle et al. (2002) and our
work. As mentioned above, the assumed osmologial
model is dierent. Also, these authors approximate
gt = γt, whereas we use gt = γt/(1− κ) in our ts and
mass reonstrutions. Finally, the shear estimator of
Kaiser (2000) used by Dahle et al. (2002) is shown by
Heymans et al. (2006) to have a non-linear response
to shear. A re-analysis of the Dahle et al. (2002) data,
taking all these eets into aount, yields new values of
σv = 1410± 90 km s
−1
and σv = 1000± 100 km s
−1
for
Abell 1351 and Abell 1995, respetively. Hene there still
remains a systemati disrepany between the results for
Abell 1351, while the measurements for Abell 1995 agree
within error bars.
A remaining dierene between our work and
Dahle et al. (2002) is the maximum radius, rmax, to whih
the shear is measured, given by the eld of view of the
detetor. Changing rmax in our Abell 1351 data to 550
′′
(as this is the value used by Dahle et al. 2002) yields
σv = 1240± 105 km s
−1
, onsistent with the re-analysed
Dahle et al. (2002) values within error bars.
Allen et al. (2003) use the Dahle et al. (2002) obser-
vations to obtain a weak lensing mass estimate apply-
ing the NFW model to a ΛCDM osmology. Their re-
sults give M200 = 30.2
+5.6
−4.9
× 1014 h−170 M⊙ for Abell 1351
andM200 = 14.4
+3.3
−3.0
× 1014 h−170 M⊙ for Abell 1995. These
values are high ompared to the results of this study.
Allen et al. (2003) use a xed onentration parameter
in the tting proess, c = 5. Applying this value to
our data yields minimal hanges in M200. The disrep-
anies hene originate from Allen et al. (2003) utilising
r200 = 2.69
+0.14
−0.19
h−170 Mpc and r200 = 2.07
+0.19
−0.14
h−170 Mpc
(priv. omm.) for Abell 1351 and Abell 1995, respetively,
as these values are larger than the r200 values we obtain
as our best t.
6.2. The onentration parameter
The mass density of a luster with a small onentra-
tion parameter dereases slower when going to larger radii
than for a luster with a large c value (Wright & Brainerd
2000). Although unonstrained upwards, we nd a lower
limit of c ≥ 4.5 for Abell 1351. As is also seen from the
radial dependene of the shear in Fig. 7 (top left), the
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Fig. 7: Left: Redued tangential shear as a funtion of radius for Abell 1351 (top) and Abell 1995 (bottom) using the SS01 κ
map as luster entre (the other entres show very similar gures). The averaged gravitational lensing distortions of bakground
galaxies are shown as points with 1σ error bars. The lines indiate the best t models; the dashed line representing the SIS
prole, the dot-dashed line the NFW prole keeping c xed, and the solid line the NFW prole with two free parameters.
It should be noted that these lines represent the theoretial values after modiations from luster galaxy ontamination are
applied to eah bin independently of eah other (see Set. 5). Right: Cross-omponent of the redued tangential shear as a
funtion of radius for Abell 1351 (top) and Abell 1995 (bottom). This signal should disappear if 〈gt〉 is aused by lensing only,
and it is seen that the measurements are lose to zero for both lusters.
mass distribution of Abell 1351 onentrates around the
luster entre, indiating that its onentration parameter
is signiantly higher than that of Abell 1995. The found
values for c of Abell 1995 (see Table 1) suggest that its
mass is spread more evenly to larger radii, whih is also
seen in Fig. 7 (bottom left).
From their aperture mass alulations Dahle et al.
(2002) nd that most of the mass of Abell 1995 is
ontained within r ∼ 0.9 h−170 Mpc (∼ 200
′′
). The mass
of Abell 1351 shows the opposite behaviour, inreasing
evenly with radius, even at large radii. These results are
ontrary to our onlusions. As measurements at large
radii are ertain to inlude additional information not
reognised lose to the luster entre, these disrepan-
ies are likely explained by the dierene in eld-size
between the two studies. By mapping the mass distri-
bution towards a radius more than twie the size as
that of Dahle et al. (2002), our results are better on-
strained. Further bias also arises from the measurements
of Dahle et al. (2002) starting from an inner radius of
rmin = 50
′′ (∼ 0.37 h−170 Mpc), where we onsider the lus-
ter galaxy ontamination to be very high, in addition to
not inluding any orretion for this ontamination.
Our shear values are measured from a radial ut-o,
rmin = 150
′′
, to avoid the large luster galaxy ontamina-
tion present at small radii. Beause c is estimated from
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Table 1: Results from tting theoretial density proles to the measured shear values, where eah sub-headline indiates the
luster entre around whih the tting was done. The mass estimates for the SIS prole (MSIS) are alulated at the best t
r200 from the NFW prole with two free parameters using the same luster entre. The NFW prole denoted xed c refers to
the tting proess keeping c xed while varying only r200, where c is alulated from eq. (8) (Bullok et al. 2001). In the bottom
we add the results from integrating the κ maps within our best t r200 values. Note that the KSB+ PSF orretion tends to
underestimate the shear by 10− 15%, whih in turn redues the luster masses up to 20%.
BCG Abell 1351 Abell 1995 SS01
a κ map Abell 1351 Abell 1995
SIS [χ2/ Dof ℄ 1.60 1.70 SIS [χ2/ Dof℄ 1.44 1.14
θE [
′′
℄ 16.2+2.3
−2.4
12.2 ± 2.6 θE [
′′
℄ 15.0+2.5
−2.3
12.0+2.5
−2.8
σv [km s
−1
℄ 1040+70
−80
900 +90
−100
σv [km s
−1
℄ 1000 ± 80 890 +90
−110
MSIS [10
14h−170 M⊙℄ 8.7
+1.3
−1.4
5.8+1.2
−1.3
MSIS [10
14h−170 M⊙℄ 7.8
+1.3
−1.4
5.5+1.3
−1.4
NFW [χ2/ Dof℄ 1.32 1.64 NFW [χ2/ Dof ℄ 1.12 1.11
c 9.1 +∞
−4.6
5.2 +∞
−3.4
c 16.1 +∞
−8.4
3.0+9.0
−1.9
r200 [h
−1
70 Mpc℄ 1.73
+0.13
−0.10
1.53+0.17
−0.13
r200 [h
−1
70 Mpc℄ 1.69
+0.10
−0.11
1.50+0.20
−0.11
M200 [10
14h−170 M⊙℄ 8.1
+1.8
−1.4
5.6+1.9
−1.4
M200 [10
14h−170 M⊙℄ 7.5
+1.3
−1.5
5.3+2.1
−1.2
NFW (xed c) [χ2/ Dof ℄ 1.42 1.66 NFW (xed c) [χ2/ Dof℄ 1.31 1.12
c 3.7 3.7 c 3.7 3.7
r200 [h
−1
70 Mpc℄ 1.81
+0.057
−0.16
1.56+0.13
−0.16
r200 [h
−1
70 Mpc℄ 1.67
+0.16
−0.086
1.51+0.16
−0.14
M200 [10
14h−170 M⊙℄ 9.4
+0.9
−2.4
5.9+1.5
−1.8
M200 [10
14h−170 M⊙℄ 7.4
+2.1
−1.1
5.4+1.7
−1.5
KS93
b κ map Galaxy density
SIS [χ2/ Dof ℄ 1.30 2.32 SIS [χ2/ Dof℄ 1.17
θE [
′′
℄ 16.5+2.6
−2.4
10.4+2.7
−2.6
θE [
′′
℄ 16.5+2.3
−2.4
σv [km s
−1
℄ 1050± 80 830+100
−110
σv [km s
−1
℄ 1050+70
−80
MSIS [10
14h−170 M⊙℄ 8.9± 1.5 4.9
+1.3
−1.4
MSIS [10
14h−170 M⊙℄ 9.0
+1.3
−1.5
NFW [χ2/ Dof℄ 0.96 2.22 NFW [χ2/ Dof ℄ 0.88
c 11.2 +∞
−4.9
0.9+2.1
−0.4
c 11.3 +∞
−6.7
r200 [h
−1
70 Mpc℄ 1.74
+0.11
−0.10
1.50+0.17
−0.24
r200 [h
−1
70 Mpc℄ 1.76
+0.10
−0.11
M200 [10
14h−170 M⊙℄ 8.3
+1.6
−1.4
5.3+1.8
−2.6
M200 [10
14h−170 M⊙℄ 8.5
+1.5
−1.7
NFW (xed c) [χ2/ Dof ℄ 1.13 2.33 NFW (xed c) [χ2/ Dof℄ 1.00
c 3.7 3.7 c 3.7
r200 [h
−1
70 Mpc℄ 1.81
+0.10
−0.13
1.51+0.11
−0.23
r200 [h
−1
70 Mpc℄ 1.79
+0.10
−0.11
M200 [10
14h−170 M⊙℄ 9.4
+1.6
−2.0
5.4+1.2
−2.5
M200 [10
14h−170 M⊙℄ 9.0
+1.5
−1.7
Integration of SS01 κ maps
r200 [h
−1
70 Mpc℄ 1.69 1.50
M2D(< r200) [10
14h−170 M⊙℄ 11.7± 3.1 10.5 ± 2.7
a
Seitz & Shneider (2001)
b
Kaiser & Squires (1993)
the sale radius, rs = r200/c, it is desirable to inlude rs
in the measurements (rmin < rs) in order to obtain an a-
urate estimate of the onentration parameter. If this is
not the ase, c is basially unonstrained.
This appears to be the ase for Abell 1351, explain-
ing why we were not able to derive an upper limit for its
onentration parameter. Letting rmin = 150
′′
, we ensure
a luster galaxy ontamination < 25% at this inner ra-
dius. However, as the c parameter appears unonstrained
under this ondition, we redue rmin attempting to obtain
learer results. The problem now arising is the inreasing
ontamination of luster galaxies. Looking at Fig. 6 we
see that at r = 120′′ the luster ontamination is ∼ 32%,
and at r = 100′′ it equals ∼ 40%. Though this ontamina-
tion is aounted for during the tting proess, the on-
tamination orretion is still vulnerable to utuations in
the projeted galaxy density aused by foreground and/or
bakground strutures.
Table 2 presents the results from letting
100′′ ≤ rmin ≤ 150
′′
for Abell 1351 (with the KS93
κ map peak as luster entre). It is seen that whilst c
is dereasing with smaller rmin, r200 and M200 remain
stable for dierent rmin. Also worth notiing is that
for rmin ≤ 130
′′
, c beomes onstrained. However, as
rmin > rs for the dierent starting radii, we annot
obtain further onlusions from these results. As rs is
even smaller for Abell 1995, we did not repeat this test
for the luster. Dietrih et al. (2005) experiene similar
problems when attempting to determine the onentra-
tion parameter for Abell 222 and Abell 223, onluding
that obtaining a reliable c from weak lensing data only is
diult, if not impossible.
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Table 2: Results from varying the inner radius from where the shear values of Abell 1351 are measured.
rmin rs c r200 M200 No. of χ
2/Dof
[
′′
℄ [
′′
℄ [h−170 Mp℄ [10
14h−170 M⊙℄ galaxies
100 76+56
−35
4.9+3.6
−2.2
1.76+0.057
−0.13
8.5+0.8
−1.9
15 630 1.11
110 61+48
−29
6.0+4.7
−2.8
1.71 ± 0.10 7.9± 1.4 15 582 1.45
120 54+60
−26
6.8+7.6
−3.3
1.71 +0.10
−0.086
7.9+1.4
−1.2
15 529 1.31
130 60+83
−26
6.2+8.5
−2.6
1.76+0.057
−0.11
8.5+0.8
−1.7
15 482 1.33
140 37+∞
−20
10.0 +∞
−5.5
1.73+0.11
−0.13
8.1+1.6
−1.8
15 428 1.16
150 33+∞
−15
11.2 +∞
−4.9
1.74+0.11
−0.10
8.3+1.6
−1.4
15 358 0.96
6.2.1. Best t onentration parameter
Bullok et al. (2001) present dark matter halo simula-
tions, attempting to nd a best t onentration param-
eter appliable to all types of halos. They nd that for
halos of the same mass, the onentration, cvir ≡ rvir/rs,
an be given by cvir ∝ (1 + zd)
−1
. This is ontrary to ear-
lier beliefs that cvir does not vary muh with redshift.
Numerially simulated massive lusters typially have on-
entration parameters ∼ 4− 5 (Bullok et al. 2001). This
is within the limiting values for both lusters, although
looking at Fig. 7, the outome from varying c seems to
better follow the shear values of Abell 1351.
There exists several examples of large onentra-
tion parameters in the literature. Kneib et al. (2003)
nd c = 22+9
−5
for the entral mass onentration of
the luster Cl 0024 + 1654. Gavazzi (2005) onlude on
c = 11.73± 0.55 forMS2137− 23, while Broadhurst et al.
(2005) nd c = 13.7+1.4
−1.1
for Abell 1689. Limousin et al.
(2006) present a thorough disussion of the dierent on-
entration parameters derived for Abell 1689 in the litera-
ture, and onlude that a distribution of best t c param-
eters is needed for observed lensing lusters in order to
provide a sample large enough to make an adequate om-
parison with simulations. A reent study of observed on-
entration values for lusters by Comerford & Natarajan
(2007) show that the best t lensing-derived c parameters
are systematially higher than onentrations derived via
X-ray measurements, a dierene whih an be at least
partly explained by eets of triaxiality of luster halos
(Corless & King 2007; Gavazzi 2005; Oguri et al. 2005;
Clowe et al. 2004) or the sub-struture within the lusters
(King & Corless 2007), although the latter eet may also
produe a negative bias of c values. In addition, baryoni
physis an inrease the onentration parameter mildly
by up to 10% as ompared to dissipationless dark matter
in pure dark matter simulations (see e.g. Lin et al. 2006).
6.3. Centre position
In addition to the three entre positions tested in Set. 5,
we omputed κmaps with the method of Kaiser & Squires
(1993, KS93) and utilised the peak of this surfae mass
distribution as a fourth luster entre. The KS93 method
assumes that γ = g, whih is not a good approximation
near the entres of massive systems. Therefore, in ompar-
ison with the other methods, it provides us with a refer-
ene point as for how large a variation one an reasonably
expet for the various entroiding methods.
All entre positions obtained with the four methods lie
within 1′ and hene represent the errors expeted when
using the peak of a κ map as luster entre. As an be
seen from Table 1, varying the entre position only slightly
(maximum distane between luster entres is < 55′′) an
lead to dierent mass estimates. Although within error
bars, the results from tting NFW using a xed c varies
most. The NFW tting of two parameters is more stable
with a smaller spread in M200. This is also reeted in
χ2/Dof, as a value loser to 1 is a better t.
Worth notiing is the generally smaller dierenes be-
tween the results of Abell 1995 as ompared to those of
Abell 1351. The onentration parameter seems also bet-
ter onstrained for Abell 1995, where we ould not obtain
an upper limit for c only in the ase where the BCG was
used as the entre referene. For Abell 1351 on the other
hand an upper limit for c ould not be obtained for any of
the luster entres hosen. This is onsistent with the fat
that Abell 1351 is not in dynamial equilibrium, laking a
well-dened luster entre. The results obtained from t-
ting spherially symmetri models will hene depend on
the entre hosen.
6.3.1. Strong lensing features
This piture of the entre of Abell 1351 is onrmed also
by strong lensing eets, whih is in general suseptive to
sub-strutures in lusters. For both lusters reent arhival
WFPC2 HST data exists, taken for an ongoing snapshot
survey of X-ray luminous luster (HST PID 11103, PI: H.
Ebeling). The images are taken through the F606W lter
totalling 1200s exposure time eah.
Considering both the olours and morphologies of
galaxies in our V − I data and the morphologies in the
HST images, there are at least half a dozen plausible ars
and arlets visible in eah of the two lusters. The lens-
ing pattern for Abell 1351 appears to be very omplex
and does not indiate a single, well-dened entre. This
is supported by the presene of several elliptial galax-
ies whih are of similar brightness as the BCG. On the
ontrary, for Abell 1995 several ar(let)s are well aligned
around the BCG, apart from three whih are obviously
assoiated with individual luster galaxies. Thus adopting
the BCG for Abell 1995 as the entre is justied. Strong
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lensing will therefore not oer more onstraints on the
determination of the entre of mass than we already have.
6.4. The mass reonstrutions
In Set. 4 we presented the weak lensing reonstrution of
the lusters' surfae mass density, deteting the lusters
on the 5σ level. In ase of Abell 1351 a signiant neigh-
bouring peak A was deteted, whih oinides with the
galaxy distribution.
We note signiant dierenes omparing our mass
maps to those of Dahle et al. (2002), who used the KS93
inversion method (Kaiser & Squires 1993). Abell 1995 ap-
pears rather irular in both reonstrutions, with at-
tahed lamentary strutures of low signiane seen in
the KS93 map. In their re-analysis of the Abell 901 su-
perluster eld Heymans et al. (2008) argue that suh
lamentary strutures ould be enhaned by the KS93
method itself. This algorithm assumes g = γ near the
ritial luster ores, whih hene overestimates κ, and the
smoothing implemented ould then lead to the apparent
merging of neighbouring peaks.
Our map of Abell 1351 appears roughly irular at the
position of the main luster with a signiant extension
towards the north-east, whereas it shows an extension to
the south-west in the work of Dahle et al. (2002). Both
reonstrutions have peak B in ommon. Sine it is not
assoiated with any over-density of galaxies but appears in
both reonstrutions based on very dierent data sets, the
most likely explanation is a hane alignment of galaxies
triggering this detetion.
7. Conlusions
Utilising observations from CFH12K we nd the masses of
Abell 1351 (Abell 1995) to be M200 ≡M(r200) ∼ 8− 9×
1014 h−170 M⊙ (M200 ∼ 5− 6× 10
14 h−170 M⊙). These results
are derived from tting our data to the NFW prole, alter-
ing both c and r200, to nd the best theoretial t to our
shear measurements (Fig. 7). Our κ reonstrutions yield
mass estimates of M2D(< r200) = 11.7±3.1×10
14h−170 M⊙
(M2D(< r200) = 10.5± 2.7 × 10
14h−170 M⊙) for Abell 1351
(Abell 1995).
Our results illustrate that using solely weak lensing
measurements, with no photometri or spetrosopi in-
formation to separate luster members from bakground
galaxies, the onentration parameter found for a galaxy
luster is poorly onstrained. Future spetrosopi redshift
measurements and strong lens modelling of the ars seen
towards the ores of Abell 1351 and Abell 1995 might
help improve the onstraints on their onentration pa-
rameters. However, the hange in c value resulting from
small variations of the entre position of Abell 1351 indi-
ates that the mass distribution in the ore of this dynam-
ially unrelaxed luster is too omplex to be meaningfully
t by the NFW mass density prole. M200, on the other
hand, varies only slightly for both lusters when either
rmin is dereased or the luster entre varied. Although
the KSB+ PSF orretion leads to an underestimation of
the luster masses (with a maximum of 20% in our ase),
inreasing the bakground galaxy elliptiities orrespond-
ingly still yields masses within error bars of our urrent
estimates. We therefore onlude that the mass estimates
presented are robust.
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